There is to-day a growing specialization in science which is inevitable. We no longer have men of learning writing for other men of learning, or men of science writing for other men of science, or disciples of exact science writing for other disciples of exact science, or physicists writing for other physicists, or students of optics writing for other students of optics, or spectroscopists writing for other spectroscopists, b u t rather infra-red spectroscopists writing for other infra-red spectroscopists-and very soon they will have a journal of their own. You, gentle men, are dealing w ith the very complex problems th a t such a situation creates, and I am confident th a t great simplification and great economies will result from your labours, and th a t the toil of the specialists in the smaller and smaller regions of greater and greater complexity will be lightened. B ut the great advances will still be made by solitary spirits who have greatly pondered on more general problems, who have, like Newton, kept the subject constantly before them until the first dawnings open little by little into the full light. L et us take care th a t we do not organize things to such a point th a t no leisure exists, since, for the pioneers, leisure is even more needed than journals, reference books and resolutions. 
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The intemuclear distances in the crystals of some of the elements at the absolute zero have been calculated, and the values are examined and compared with those in some molecules. In the first two short periods if the single bond length is denoted Dy and the atomic number Z, a direct proportionality exists between D 2 and Z for the members of any one group from group IV to group VII. In groups IV to VII this proportionality extends to the corresponding elements of the first long period, so that, for example, the D2 values for carbon, silicon and titanium are proportional to Z . In group III the D 2 value for boron and the square of the intemuclear distance in the crystal of aluminium are proportional to Z, but the propor tionality does not extend to scandium, and in groups I and II no proportionality exists between D 2 and Z. Simple whole-number relations are found between the squares of the intemuclear distances in the earlier members of group II, and other regularities are pointed out. Evidence is also given for the hypothesis that simple whole number relations exist between the squares of the bond lengths of single, double and triple bonds of a given element.
Introduction
The modem electron theory has reached the stage a t which the interatomic distances in some relatively simple crystals and molecules can be calculated approximately, bu t in many cases the problem is too difficult for accurate solution. I t is therefore of interest to see whether the experimental d ata suggest any underlying regularities, since although such relations may be empirical they m ay assist the development of the theory. In a previous paper (Hume-Rothery 193°) simple relations were pointed out which held approximately between the interatom ic distances in the crystals of some of the elements and the atomic numbers of the elements concerned. In this paper the interatomic distances were estim ated a t one-half the characteristic tem perature, and the relations were only approximate, the deviations being of the order of several per cent. I t seemed probable th a t any really fundam ental relation would refer to the interatomic distances a t the absolute zero, and in a later paper (Hume-Rothery 1945 ) the use of Griineisen's equation for calculating changes in volume has been discussed. The results obtained have shown th a t reduction to the absolute zero does not remove the discrepancies between the d ata and the relations referred to above, but in the course of this work, new and more accurate relations have been discovered and these are described in the present paper.
General
On proceeding down the Periodic Table of the elements the continuous increase in the atomic number Zi results in a general contraction in the electron cloud of any one group or subgroup of electrons. On passing from hydrogen to calcium we expect therefore a general contraction broken by abrupt expansions a t lithium, sodium and potassium where new quantum groups are opened up. We m ay therefore hope to find relations between the interatomic distances in the elements of any one group in the first and second short periods and the first long period because each step (e.g. C->Si->Ti) involves an increase of 8 in the atomic number. We shall not, however, expect the same regular variation on passing to the second long period because this involves an increase of 18 in the atomic number.
Accuracy of experimental data
The accuracy w ith which the interatomic distances a t the absolute zero can be estim ated varies greatly. In the cubic metallic structures where the interatom ic distances can be calculated directly from the lattice spacings, the room tem perature measurements are usually highly accurate (1 p art in 10,000 to 1 p art in 50,000). For the face-centred cubic and body-centred cubic metals the values a t the absolute zero should be reliable to 1 p art in 500, except for the alkali and alkaline earth metals of higher atomic number. For the close-packed hexagonal metals the accuracy is less because the axial ratio has to be determined,* and the reduction to the absolute zero involves the ratio of the coefficients of expansion parallel and per pendicular to the hexagonal axis and the ratio varies w ith the tem perature; the variation is known for magnesium, zinc and cadmium b u t not for most other metals. In the more complicated crystal structures, where the interatom ic distances are * In first-class lattice spacing work th e lattice spacings are o f course determined accurately, but for m any elem ents it is clear th at th e data for close-packed hexagonal structures are less accurate than for the body-centred or face-centred cubic structures.
deduced from the intensities of X -ray reflexions, the accuracy is much less, and errors of the order 1 to 3 % may be expected. In such cases one cannot in general calculate* the contraction which would take place on cooling to the absolute zero, b u t where simple covalent bonds are concernedf the theory indicates th a t it will be relatively small. Where interatom ic distances in molecules are determined by elec tron diffraction methods the results are subject to errors of a few per cent, and it is again not possible to say how much thesej would be affected by reduction to the absolute zero, although the change is not likely to exceed a few per cent. Interatom ic distances in molecules obtained by the analysis of molecular spectra are generally expressed in terms of re> the equilibrium distance between two atoms in the absence of vibration. This distance corresponds to the minimum on the curve connecting the potential energy and the intem uclear separation, and it is the re values which are usually calculated theoretically. In any actual molecule there is always some vibration, and the mean distance between two atoms in the lowest vibrational state is denoted rQ . The value r j r e approaches unity as the atomic weights of the atoms increase. Thus in the H 2 molecule r0jre = 1*013, whilst in the Cl2 molecule r olr e -1*002. In comparing the interatomic distances in metallic crystals with those in molecules, the r0 values should really be used, but the difference is usually too small to be significant for the present paper. Provided th a t the spectroscopic data are analyzed correctly § the accuracy of spectroscopic re values is much greater than those obtained by electron diffraction methods, and may be taken to be of the order 1 p art in 500 with greater accuracy in some cases. I t must be remembered th a t the true Angstrom unit values of the spectroscopist require dividing by 1*00202 to be converted to values in the kX units of the X -ray crystallographer.
4. H ydrogen, helium and the elements of groups I I I to VI We may consider first the elements in the later groups of the first two short periods. The symbol D may be used for the length of the single covalent bonds in the F 2 and Cl2 molecules, the former being known from electron diffraction methods, and the latter from spectroscopic determinations. We then find th a t Z)2 for these two elements is proportional to the atomic number Z. This is shown by the lowest line in figure 1 , and the relation holds to within the accuracy with which the data are known. The same figure shows th a t the straight line from the origin through the points for F and Cl passes very nearly through the D 2 point for the closest distance of approach in /^-manganese. This may perhaps support the views of Pauling (1938) th a t the cohesive forces in the crystals of the transition elements resemble those of covalencies. In group VI the diatomic molecules 0 2 and S2 involve double bonds, b u t the single bond lengths have been determined for oxygen by electron diffraction studies of H 20 2, and by the X -ray determination of the crystal structure of hyperol, whilst for sulphur the single-bond lengths have been determined by electron diffraction studies of S2C12, liquid sulphur and plastic sulphur, and by the X -ray crystal analysis of rhombic sulphur. As will be seen from figure 1, is again proportional to Z within the limits of accuracy of the data, and the straight line on extrapolation passes near to the point for the D2 value of a-chromium.
Figure 1
In group V the single-bond lengths have been determined for nitrogen by electron diffraction studies of hydrazine, and for phosphorus by electron diffraction studies of the P 4 molecule, and by X -ray crystal analysis of black phosphorus. As shown in figure 1 , there is again a direct proportionality between D2 and Z, and the straight line on extrapolation passes slightly above the point for vanadium . I t will be seen th a t in groups V and VI the points for vanadium and chromium lie slightly below the straight lines through the points for the earlier members of the groups, and this may well be the result of the fact th a t the points for these metals have been corrected so as to refer to the absolute zero, whilst a similar correction cannot be made for the electron diffraction results or for the complicated crystal structures of sulphur and phosphorus.
In group IV the D 2 values in crystals of carbon, silicon and titanium are very nearly proportional to Z as can be seen from figure 1. In the case of the diamond, the reduction to the absolute zero can be made w ith accuracy, b u t the result given for silicon refers to -150° C, because the therm al expansion a t lower tem peratures is abnormal, and a negative coefficient of expansion has been claimed. I t is improbable th a t this would raise the value for silicon a t 0° K sufficiently to give an exact pro portionality between D2 and Z, but, as can be seen from table 1, even if the value for silicon a t -150° C is compared w ith th a t for the diamond a t 0°K the departure from an exact proportionality is only of the order 3 parts to 400 on or c. 0*4 % on D. Titanium crystallizes in the close-packed hexagonal structure with axial ratio cja -1*601, and each atom has six neighbours a t a distance a and six a t a distance equal to . The corresponding D 2 values have been inserted in figure 1, and the straight line through the points for carbon and silicon passes between them. Table 1 remarks electron diffraction o f F 2 spectroscopic Cla molecule, re value X -ray crystal analysis o f complex structure at room temperature electron diffraotion o f H 20 2 at 150° C X -ray crystal structure analysis o f hyperol X -ray crystal structure o f sulphur at room temperature electron diffraction o f plastic sulphur electron diffraction o f liquid sulphur electron diffraction o f S2C12 X -ray crystal structure at 0° K electron diffraction of hydrazine vapour X -ray crystal structure o f black phosphorus at room temperature electron diffraction o f P4 molecule X -ray crystal structure at 0° K X -ray crystal structure of diamond at 0° K X -ray crystal structure at -150° C two closest distances o f approach in closepacked hexagonal structure at 0° K D t value, see p. 22 single-bond length, see p. 22 X -ray crystal structure at 0° K H 2 molecule, spectroscopic, re value H e2 molecule, spectroscopic, re value
The above data suggest clearly th a t in the elements of groups IV to V II in the first two short periods, it is a general principle th a t D 2 is directly proportional to Z for the elements of any one group, and th a t the same proportionality holds approxi mately when extended to the corresponding elements of the first long period.
In group I I I the single-bond length of boron has been in dispute because the B-B distance in the B 2H 6 molecule which was originally thought to be th a t of a normal single bond is now generally regarded (Pitzner 1945) as involving a ' protonated ' double bond. According to Levy & Brockway (1937) the normal single-bond length of boron in a compound where the boron atom is surrounded by an octet of electrons, th a t is to say, a compound in which all four orbitals are used, is 1*78 kX, and this gives a value of D 2 -3* 17 (kX)2. This value has been included in figure 1 it will he seen th a t the points for boron and aluminium indicate a direct propor tionality between D 2 and Z. According to Levy & Brockway, in the boron atom is surrounded by six electrons and only three orbitals are used, the B-B single-bond length is only 1-58 kX, and the corresponding value of 2-50 (kX)2 for D 2 is too low to give a direct proportionality in figure 1. This may again support the views of Pauling, who regards the cohesive forces in aluminium as resulting from resonance involving four orbitals per atom. Figure 1 shows also th a t a direct proportionality exists between D 2 and Z for the interatomic distances in molecules of H 2 and H e2, and as will be seen from table 1 the relation is very precise. This is of interest because the H e2 molecule concerned is not formed by the van der Waals forces between neutral atoms, b u t is a molecule whose ground state is derived from helium atoms in an excited state, presumably involving electrons in two-quantum orbitals. This means th a t in passing from H 2 to H e2 the principal quantum num ber of the bonding electrons increases by one, and the condition of affairs is thus in some respects analogous to th a t on passing from F 2 to Cl2.
The elements of group I I
Of the earlier elements in group II, calcium and strontium crystallize in the facecentred cubic structure, and the closest distances of approach (D) a t the absolute zero can be calculated, although the accuracy is not very high because the coeffi cients of expansion have not been fully investigated.* Beryllium (c/a = 1*5682) and magnesium (c/a = 1*62354) crystallize in the close-packed hexagonal structure w ith axial ratios not very different from th a t (c/a = ^/f = 1*633) for close-packed spheres. This results in each atom having twelve close neighbours, of which six are a t one distance and six a t a slightly different distance. In this case we have found it con venient to calculate an ideal distance of approach which, if the axial ratio were equal to the ideal value of ^/f, would give the same volume per atom Q as th a t found in the actual structure. This policy m ay be criticized, b u t it seems a reasonable way of comparing the interatomic distances in face-centred cubic and close-packed hexagonal structures. The same policy has been adopted for zinc (c/a = 1*8563 (1))> where the close-packed hexagonal structure is elongated in the direction of the c-axis. The reduction to the absolute zero can be made accurately for all three metals, although the accuracy is slightly less for zinc owing to the curious effects a t very low tem peratures where the coefficient of expansion perpendicular to the hexagonal axes changes sign. I t will be appreciated th a t a comparison of D for the face-centred cubic structure with D i for the close-packed hexagonal structures is equivalent to a comparison of fl*, and a comparison of D 2 and Df to one of Q*. For the bodycentred cubic structure the relation between D and Q is of course different.
In figure 2 the values of Df for beryllium and magnesium, and of D 2 for calcium and strontium are plotted against the atomic number Z. I t will be seen th a t in contrast to the behaviour in groups I I I to Y II there is no proportionality between Df and Z. The points for beryllium, magnesium and calcium do, however, lie accurately on a straight line,* and further they are in the ratio of the small whole numbers 1 :2 :3 to an accuracy which is of the same order as th a t with which the d ata for th e absolute zero are known (see table 2 ). On proceeding further we find th a t Df(Mg):J^(Z n) = i : i , : D%t = * :} .
These whole-number relations hold to the same degree of accuracy as th a t of th e data for the absolute zero, and they suggest th a t the D 2 and Df, and hence the Q*, values for the elements concerned are all related by small whole numbers.
Bond lengths and interatomic distances in molecules and crystals 23 6. The elements of gbotjps I, II and II I Lithium, sodium, potassium and rubidium crystallize in the body-centred cubic structures, and the corresponding values of D2 have been plotted in figure 2, which shows also the D 2 value for aluminium and scandium (face-centred cubic), and the Df value for yttrium (close-packed hexagonal). The point for calcium lies midway between those for potassium and scandium, and further the values of Df for these three elements are in the ratio : \to a degree of accuracy * This straight line is nearly but not exactly parallel to th at through the points for boron and aluminium.
with th a t of the data a t the absolute zero (see table 3). In the next row of the Periodic Table the point for strontium lies midway between those for rubidium and yttrium to within the limits of accuracy of the data, b u t the values are no longer in the ratio of small whole numbers. The fall in D 2 on passing from potassium to scandium is equal to th a t on passing from rubidium to yttrium to within the accuracy of the data. I t appears, therefore, th a t in these two rows of the Periodic Table the D 2 values decrease in equal steps on passing from group I to group I I and from group I I to group III, and th a t the steps are the same in each period. Scandium (1200° C) and yttrium * (1500° C) are elements of high melting-points which indicate a firm atomic binding. In contrast to this aluminium (660° C) has a comparatively low melting-point (i.e. a weaker binding), and as will be seen from figure 2 the point for aluminium is higher than would be required to give equal falls in D 2 on passing from Na->M g-> Al. This difference may be connected with the fact th a t in the series Na->M g-> A l... the bonding is of the (sp) type, whereas in the long periods (spd) bonding is formed. The interesting fact then emerges th a t whereas the D2 values for calcium and scandium are in the ratio J : the Df and D 2 values for magnesium and aluminium are accurately as J (see table 3 ). These are two of the elements for which the reduction to the absolute zero can be made with the greatest accuracy, and the agreement with the whole-number relation is exact to within 1 p art in 2000. Table 3 W. Hume-Rothery I f the relations between the D2 values for sodium and magnesium were analogous to those between potassium and calcium we should expect _Dfja : D f^ = ^: J, and as will be seen from table 3 this is the case to within 1 %. Unless sodium behaves abnormally a t very low temperatures this difference is probably outside the experi mental error, because the coefficient of expansion has been measured between room tem perature and 80° K. The fact th a t the value for sodium is just too small to fit the above relation prevents any simple relation being found between the Jt>2 values for the alkali metals as a whole, although as can be seen from The relations described in the preceding sections suggest th a t simple relations are found if the values for the squares of the interatomic distances are compared, and it is therefore of interest to see whether analogous relations exist between the 2 values for the single-, double-and triple-bond lengths of a given element. Table 4 shows th a t the D 2 values for the single O-O and double 0 = 0 bonds are in the ratio of £: ^ to within the limits of accuracy of the experimental data. A similar relation exists between the D 2 values for the N-N and N = N bonds, whilst the D 2 value for the N= N bond is only very slightly larger than th a t required to give a simple £: ^J series for single-, double-and triple-bond D 2 values; the difference is within th a t of the experimental accuracy for the N-N and N = N bond lengths. I t is also of interest to note th a t the D 2 value for the N = N bond is one-third of the D2 value for the P = P bond, whilst the D2 values for P -P and P = P bonds are as 4 :3 within the accuracy of the data. For carbon the C = C triple-bond length in acetylene is well established, and the single C-C bond length is known accurately for the diamond structure. The C = C double-bond length in ethylene is uncertain. The original value of 1*33 A given by Penney (1937) has been shown to be too low, whilst the later value 1*3553A of Gallaway & Barker (1942) is now considered to be too high. We must acknowledge gratefully the help we have received on this point in discussion with Professor C. A. Coulson, according to whom the most probable value is 1-34A (= 1*337 kX). From table 4 it will be seen th a t the corresponding D 2 values for the C-C, C = C and C = C bonds are almost in the ratio f : £: j .For the C = C ment with an exact whole-number ratio is within the accuracy with which the data are known for ethylene, whilst the deviation from a whole-number ratio for the C-C and C = C values is of the order 1 part in 140 in in spite of the great difference between the structure of the diamond and of a simple molecule. The line of approach adopted in the present paper is purely empirical, and we have therefore not discussed the effects of the theoretical ' bond orders * upon the D 2 values, bu t it may reasonably be claimed th a t the above figures suggest strongly th a t simple whole-number relations exist between the D2 values for single and multiple bonds.
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Discussion
The relations described above are purely empirical and are probably contrary to w hat would be expected from the point of view of existing theory, and they are therefore presented with diffidence. I t seems likely th a t the proportionality between D 2 and Z, which is shown in figure 1, possesses the greatest theoretical significance. According to modem views, w hat are usually called single covalent bonds may con tain a small admixture of bonds of a higher order, and in view of the wide range of structures involved some of the points in figure 1 may require slight adjustm ent before they are exactly comparable. B ut even when full allowance is made for such complications it is difficult to avoid the conclusion th a t a proportionality between D 2 and Zi s a real characteristic of the elements concerned in any one group of the first two short rows of the Periodic Table, and th a t this rule holds a t least approxi mately when extended to the first long row.
I t is more difficult to judge the significance of the results shown in figure 2 , and much depends on the view th a t is taken of aluminium. I f this element be regarded as normal, it will be seen th a t the points for boron, aluminium and scandium lie on a line which is concave downwards, and those for lithium, sodium and potassium on a curve concave upwards. I t might therefore be suggested th a t the straight line through the points for beryllium, magnesium and calcium was fortuitous, although this would not explain the remarkable whole number sequence for the D 2 values. If, on the other hand, the abnormally low melting-point of aluminium indicates an abnormally weak binding, this may explain why the point for aluminium is higher than is required to give equal steps in D 2 on passing from Na->M g->Al, and it would be less probable th a t the linearity of the points for beryllium, magnesium and calcium was merely fortuitous.
I t might a t first be thought th a t the diminution of D 2 by equal steps on passing from K Ca -> Sc, and from Rb -> Sr -* Y t was unlikely to indicate anything funda mental owing to the different co-ordination numbers of the alkali metal structures (body-centred cube, CoN. 8) and of the elements of groups I I and I I I (CoN. 12). I t must be remembered, however, th a t in the body-centred cubic structure each atom has not only its eight close neighbours at a distance equal to 0*866a, where a is the side of the unit cube, bu t also six neighbours a t a distance a which is only slightly greater. I f we regard the valency electrons as giving rise to a direct bonding between neighbouring atoms, the bonding between second closest neighbours will be more im portant in the body-centred cubic than in the close-packed structures. Any direct bonding between second closest neighbours will reduce the fraction of the valency electrons available for bonding to the closest neighbours, and tentative calculations suggest th a t the body-centred and face-centred cubic structures may be more nearly comparable than is the case if only the closest neighbours are con sidered. The diminution of D 2 by equal steps on passing from K -» Ca -> Sc and from R b -> S r-> Y t may therefore indicate a general principle. I t is difficult to judge whether the various whole-number relations described above are of fundamental significance. The conditions in different structures will seldom be exactly comparable, so th a t if some underlying principle which involves whole numbers is really involved we shall in general expect an approximation to, rather th an an exact agreement with whole number relations for the D 2 values. We may reasonably claim th a t the data given above show approximations to whole number relations which are more numerous and more exact than would be expected from pure chance, and we may suggest therefore th a t a theoretical investigation of the factors affecting the squares of the internuclear distances in crystals and molecules may reveal principles which have not yet been appreciated.
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